When a liposomal drug is administered, it could have different pharmacokinetics than that of the free form. 5, 6) In many cases, the toxicity of a free drug can be decreased by the liposomal entrapment. However, the stability of liposomes remains a problem to be solved. Many researchers have investigated the stability of liposomes using cholesterol (Ch), which is mainly contained in animal cells. Plants contain sterols and their glycosides. Sterols have a similar function to Ch in biological membranes. 7, 8) Sterols in plants are present as complex mixtures. Soybeans contain sterol (SS) in its oil and sterylglucoside (SG), which remains in the residue after the oil has been extracted.
We previously demonstrated that the effectiveness of dipalmitoylphosphatidylcholine liposomes (DPPC-liposome) containing SG (DPPC/SG-liposomes) is significantly different from that containing SS or Ch in terms of accumulation in the liver, 9, 10) and a carrier of drugs administered nasally.
11)
The administration of insulin containing in DPPC/SG (7/4, mol)-liposomes showing high fluidity caused a high glucose reduction and long duration of reduction effect, for 8 h. DPPC/SS and DPPC/Ch (7/4)-liposomes showing low fluidity caused low glucose reduction. We have also reported the relationship between the rigidity of the liposomal membrane and the stability of DPPC/SG-liposomes as measured by differential scanning calorimetry (DSC) 12) and fluorescence anisotropy. 12, 13) In this study, we examined the influence of added SG and temperature on the liposome bilayer fluidity of DPPC using ESR spectroscopy to elucidate its mechanism as a carrier of insulin administered nasally.
Experimental
Materials DPPC was purchased from NOF Co., Ltd. (Tokyo, Japan). Preparation of Liposomes Multilamellar liposomes were prepared according to a standard method 14) as described in a previous study 12) . Briefly, a mixed solution of DPPC (70 mmol), Ch, SS or SG (20 or 40 mmol) and an ESR spin probe were dissolved in chloroform and dried under reduced pressure. The obtained lipid film was then hydrated in 3 ml of pH 7.4 phosphate buffered saline (PBS) (1 : 10 dilution of PBS in distilled water; 137 mM NaCl/2.6 mM KCl/6.4 mM Na 2 HPO 4 /1.4 mM KH 2 PO 4 ; pH 7.4). It was then mixed by vortexing, followed by sonication in a bath-type sonicator (Honda Electronics, W220R, Tokyo, Japan) and centrifugation at 9500ϫg for 5 min to remove large particles and form a homogeneous size. The obtained liposomes contained a spin probe at a concentration of 0.6 mol/mol% of total lipids.
15) DPPC-liposomes with SS, Ch or SG were composed of DPPC/SS, DPPC/Ch or DPPC/SG-liposomes at the molar ratio of 7/2 or 7/4, respectively.
ESR Measurements A JEOL JES-TE-200 spectrometer was used to determine ESR spectra at ambient temperature (30-44°C). The effect of temperature on ESR spectra from the liposomes was measured using a variable temperature controller (JEOL ES-DVT3) at a heating value of 2°C over the range 30-34°C and 0.5°C over the range 35-44°C, respectively. The liposomes were transferred to a glass capillary (20 ml of sample volume). This spectrometer has the function of normalizing all spectra for accurate calculation using manganese dioxide as an internal standard. The conditions for measurement were as follows: microwave power, 4 mW for 5-DSA or 1 mW for 16-DSA; microwave frequency, 9.200-9.255 GHz; field modulation, 100 kHz/0.1 mT; scan time, 4 or 8 min; magnetic field, 328Ϯ5 mT; gain, 1ϫ100; response time, 0.3 s. Order parameters, S, with the expression given by Gaffney and McConell: 16) 
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where T // and T Ќ are the apparent parallel and perpendicular hyperfine splitting parameters of the spectra of 5-DSA, the constant Cϭ1.4Ϫ0.053ϫ (T // ϪT Ќ ) is an empirical correction for the difference between the true and apparent values of T Ќ , and the factor 1.723 is a solvent polarity correction factor. 16) These spectra of 16-DSA, the ratio of the low-field peak height to the central one (h(ϩ1)/h(0)), can be used as empirical parameters for membrane fluidity. 17, 18) DSC Measurements DSC experiments were performed using a Thermoflex DSC 8230 (Rigaku Denki Co., Tokyo, Japan). The liposome suspension was concentrated by an ultrafilter (USY-5, Toyo Roshi Kaisha, Ltd., Tokyo, Japan). The liposome samples were transferred to an aluminum pan. The sample was analyzed by heating at a rate of 4°C/min over the temperature range of 25-100°C, using aluminum oxide as a reference. Each transition temperature value from gel to liquid crystalline of the DPPC, DPPC/SS (7/4), DPPC/Ch (7/4) and DPPC/SG (7/4)-liposomes was in the range of 40.0-43.9°C, 37.9-45.7°C, 36.8-44.3°C and 31.4-41.4°C, respectively. The transition temperature (Tm) was determined from the temperature at a peak.
Results and Discussion
The mean size of the liposomes was 106-111 nm. Ch can be contained up to 50% mol in DPPC-liposomes. 19 ) SG and SS can be contained up to almost 36% 20) and 50%, 13) respectively.
Steady-state parameters for the membrane fluidity studies were obtained using two different types of ESR probes, 5-DSA and 16-DSA, which have been used as convenient parameters to monitor the rotational freedom of the nitroxide radical group. The nitroxide radical of 5-DSA is located close to the polar head groups of phospholipids in the liposomal membranes, and that of 16-DSA near the hydrophobic end. To determine the effects of SS, Ch and SG on the fluidity of liposomes, ESR spectra in the DPPC/Xϭ7/4-liposomes (XϭSS, Ch or SG) were determined.
ESR spectra of 5-DSA and 16-DSA in the DPPC/SG (7/4)-liposomes at various temperatures are shown in Figs. 2 and 3, respectively. As can be seen from Fig. 2 , the order parameter decreased with increasing temperature, indicating a decrease in alkyl chain order near the phospholipid head groups, i.e., an increase of fluidity in the liposomal membrane. The order parameter S indicates the molar motion of gauche-trans isomerization in the lipid bilayer.
The fluidity of the liposomal bilayer near the hydrophobic end was examined using a spin probe of 16-DSA. Three peaks, as shown in Fig. 3 , characterized the ESR spectra of 16-DSA in the DPPC/SG (7/4)-liposomes. In these spectra, an increase in the values of (h(ϩ1)/h(0)) reflects an increase in the mobility of the nitroxide radical near the hydrophobic end of the acyl chains. Figure 4 shows that the order parameter S of the DPPC/SS (7/4), DPPC/Ch (7/4) and DPPC/SG (Fig. 4) . This result corresponded well with the data observed using dansylhexadecylamine (DSHA), 11) although 5-DSA is located close to the polar head groups of the lipid bilayer, and DSHA was located to the polar head regions of the lipid bilayer. The fluidizing effect of these compounds around 37°C is greater near the polar head group in liposomes in the following order: ChϽSGՅSS. Figure 5 shows the change in the ratio of the low-field peak height (h(ϩ1)/h(0)) value as a function of temperature in the presence of the DPPC/SS (7/4), DPPC/Ch (7/4) and (7/2), DPPC/SG (7/4)-liposomes and DPPC-liposomes as a control. A larger (h(ϩ1)/h(0)) value means a more fluid membrane. In the case of the DPPC-liposomes, the (h(ϩ1)/ h(0)) value undergoes a gradual increase with increasing temperature and the abrupt large increase corresponds to the phase transition of gel to liquid-crystalline (40-43.9°C). The main transition temperature of the control is around 41.9°C (Tm), corresponding to the melting temperature of the lipid hydrocarbon chains. At the temperature below the Tm (41.9°C), the fluidity near the hydrophobic end of the liposomal membrane increased on the addition of SS, Ch and SG (fluidizing effect) compared with the control. At temperatures above the Tm (41.9°C), the fluidity of the membrane of the DPPC/SS (7/4), DPPC/Ch (7/4) and DPPC/SG (7/4)-liposomes, was lower than that of the control (condensing effect). The DPPC/Ch (7/2)-liposomes showed a lower fluidizing effect than the DPPC/Ch (7/4)-liposomes. Many reseachers have reported such a contradictory effect of Ch. 21, 22) It seems to be due to the formation of an intermediate gel state brought about by the hydrophobic interaction of Ch with the fatty acyl chains of the saturated phosphatidylcholine, and the formation of a hydrogen bond between Ch and phospholipid molecules. 7) We reported that based on the fluorescence anisotropy data of 1,6-diphenyl-1,3,5-hexatriene (DPH), which was partitioned deep in the hydrophobic interior in liposomes, the DPPC/SG (7/4)-liposomes decreased the anisotropy of DPH in liposomes more so than did the DPPC/SS (7/4) and DPPC/Ch (7/4)-liposomes in the range 25 to 48°C.
11) These findings from the fluorescence anisotropy data of DPH and the ESR spectra data of 16-DSA correspond well with the fact that their fluidizing effect around 37°C is greater near the hydrophobic part in liposomes in the following order: SSϽChϽSG. However, at the temperature below the Tm (35.4°C) (Fig. 5) , SG slightly decreased the membrane fluidity near the hydrophobic group compared with SS and Ch. This finding from the ESR spin probe was different from that of the fluorescence anisotropy.
11)
The phase transition of pure DPPC-liposomes seems to be more or less retained in the presence of SG (Fig. 5) . The phase transition of lipids in the presence of Ch and SS shows a different curve from the sigmoidal nature found in the case of pure DPPC (Fig. 5) . SS as well as Ch may be ordered in the DPPC-liposomes by van der Waals force.
23) SS appears to be more efficient than Ch in ordering the acyl chains near the hydrophobic end of the DPPC bilayer above 41.5°C because the DPPC/SS (7/4)-liposomes showed lower (h(ϩ1)/h(0)) values compared with the DPPC/Ch (7/4)-liposomes (Fig. 5) . The ESR data showed clearly that SS decreased the fluidity of liposomes more than Ch compared with the result from fluorescence anisotropy above 41.5°C.
The acyl chain in the lower portion (16-DSA, Fig. 5 ) of DPPC/SS (7/4) and that in the upper portion (5-DSA, Fig. 4 ) of DPPC/Ch (7/4)-liposomes were highly ordered at the temperature above the Tm (40.0, 41.5°C, respectively) compared with the DPPC liposomes. On the other hand, the acyl chain of the lower portion (Fig. 5 ) and the upper portion (Fig. 4) in the DPPC/SG (7/4)-liposomes was highly disordered at the temperature above the Tm (35.4°C). In general, a polar head group of DPPC has 10 water molecules (binding water), 24) whereas a glucose residue of SG may have only a few binding waters. The glucose residue of SG projected out of liposomes may change the packing state of the sterol group of SG in the liposomes. We previously reported that DPPC/SG (7/4)-liposomes are effective carriers for the nasal absorption of insulin compared with DPPC/SS (7/4) and DPPC/Ch (7/4)-liposomes. 11) SG greatly enhanced the permeation of insulin through the nasal mucosa with some effects on lipids in the nasal mucosa. 25) Therefore, the high fluidity close to the hydrophobic end of the liposomal membranes around 37°C, the decrease in transition temperature and the sigmoidal nature of fluidity vs. temperature may be important factors in the release of drug from liposomes containing SG, and/or to stimulate uptake of liposomes, perhaps as a result of the interaction of SG in liposomes on the nasal mucosa.
